The low temperature (T = 5-40 K) capture of free electrons into hydrogenlike antimony centers in germanium has been studied by a time-resolving experiment using the free electron laser FELBE. The analysis of the pump-probe signal reveals a typical capture time of about 1.7 ns that decreases with pump energy to less than 1 ns while the number of ionized donors increases. The dependence on the pump-pulse energy is well described by an acoustic phonon-assisted capture process. In the cases when (i) a significant number of the electrons is in the conduction band (flux densities larger than 5 × 10 25 photons/(cm 2 s), (ii) the lattice temperature is above ß20 K, or (iii) a static electric field above ß2 V/cm is applied to the crystal, the pump-probe technique reveals an additional intraband relaxation process with a characteristic time of ß100 ps, which is much shorter than that of the capture of free electrons into the antimony ground state.
I. INTRODUCTION
Impurity centers in semiconductors such as silicon (Si) or germanium (Ge) have been thoroughly investigated over the last decades. Most of the research in the early years was devoted to the low temperature equilibrium spectroscopy of impurity states, measurements of photocurrent relaxation, and the study of recombination process when carriers are captured by ionized centers [1] [2] [3] [4] .
Time-resolved spectroscopy of excited bound impurity states in semiconductors has attracted significant interest in recent years. This has been triggered by potential benefits of impurity states in quantum computing for realizing lasers or as model systems for astronomic research [5] [6] [7] [8] [9] [10] [11] . For hydrogenlike centers in Si, such time-resolved studies have been performed using a pump-probe technique and a picosecondpulsed free electron laser (FEL). Typical relaxation times range from a few 10 ps up to ß200 ps for intracenter excitation, i.e., photoexcitation from the ground state into one of the excited states [12] [13] [14] [15] .
Impurity centers in Ge are the basis for terahertz (THz) lasers and broadband THz detectors [16] [17] [18] . Shallow impurities in Ge, such as antimony (Sb) and gallium (Ga), allow for the detection of radiation down to about 2.5 THz and by applying uniaxial stress down to ß1.5 THz in Ge:Ga [16] . Such detectors were used on several spaceborne astronomical observatories such as the Herschel Space Observatory [19] , the Spitzer Space Telescope [20] , and the Akari satellite [21] . Recently, these detectors were installed in the Field-Imaging Far-Infrared Line Spectrometer (FIFI-LS) on the Stratospheric Observatory for Infrared Astronomy (SOFIA) [22] . Understanding of the relaxation dynamics of free carriers in Ge will help to improve the performance of extrinsic Ge photoconductors.
Relaxation dynamics in undoped bulk and nanowire Ge using optical-pump with optical-probe [23] or terahertzprobe [24] spectroscopy have revealed important information about electron-hole recombination. However, relaxation dynamics of ionized centers in Ge were investigated with a considerable number of different but mainly indirect methods. These include studies of the electric field-dependent stationary photoconductive signals induced by short THz pulses [1] , temperature-dependent intensities of photothermal ionization lines with modulated submillimeter sources [2, 3] , or optical saturation of the photoconductive response as well as the absorption coefficient [25] [26] [27] . Other indirect methods looked at the temperature dependence of the hole mobility [28] or the detection bandwidth [29] as well as the generationrecombination noise [30] in heterodyne detection systems. The shortest recombination times of ionized and excited carriers, which were calculated, ranged from a few hundred picoseconds [1, 27] to several microseconds [26] depending strongly on the doping concentration as well as on the compensation level. To overcome the problems stemming from uncertainties in different parameters needed to calculate recombination times, direct measurements are preferable.
A direct measurement of short pulses from a THz FEL with a neutron transmutation-doped p-Ge detector and a fast readout circuit yielded a recombination time of about 2 ns [31] . The analysis of relaxation of the photoconductivity after short voltage pulses [32] and optical THz pulses [33] resulted in time constants of about 10 ns in both cases. Contactless direct pumpprobe measurements presenting intervalence band relaxation dynamics of Ga in highly doped (N A ß 10 16 -10 17 cm −3 ) Ge were carried out at wavelengths between 4 and 12 μm [34, 35] .
A fundamental temporal analysis in the THz region of moderately doped Ge using a direct method devoid of additional effects such as an electric field has not been conducted until now. We present an analysis of the relaxation of free electrons in Ge doped with Sb (Ge:Sb) which are photoionized in the state continuum close to the conduction band (CB) edge. The measurements were carried out with a dedicated pump-probe experimental setup at the free electron laser FELBE of the Helmholtz-Zentrum Dresden-Rossendorf. The analysis of dependences of capture times on the photoexciting laser intensity helps to understand the underlying relaxation processes. It also gives the fundamental temporal limit of this material system when used as THz photodetectors.
II. ELECTRONIC CAPTURE BY HYDROGENLIKE CENTERS IN SEMICONDUCTORS
Theoretical work on the recombination kinetics of shallow impurities dates back to the 1960s when M. Lax [36] introduced the cascade capture model. This was later refined by different authors, in particular by Abakumov, Perel', and Yassievich (APY) [37] and by Ascarelli and Rodriguez [38] . The cascade model assumes that the main capture process is a multistep relaxation accompanied by the emission of acoustic phonons. Since our study focuses on n-type Sb-doped Ge, we will first discuss the relaxation processes in this material with respect to the cascade model and its refinements. The energy levels of the Sb donor can be described in the frame of the effective mass theory (EMT). Deviations from the EMT occur in particular for s-type states that have significant amplitudes close to the donor ion. This causes a splitting of the states, the so-called chemical splitting. It is most pronounced for the 1s ground state, which splits into a 1s(A 1 ) singlet and a 1s(T 2 ) triplet (Fig. 1) . A free electron in Ge:Sb first relaxes to the CB minimum, losing its energy by emission of acoustic phonons. The electron turns out to be captured by one of the Sb excited states only when its binding energy exceeds kT e (T e is the temperature of the electron gas). The electron relaxes further through a cascade of bound states emitting acoustic phonons (phonon-assisted process). Finally it ends in the impurity 1s(A 1 ) and 1s(T 2 ) ground states. It is worth noting that transitions between even-parity s-type states have larger relaxation rates, and that they dominate the process [38] .
However, there exists an energy region near the CB edge E = 0 meV in which the interference of different ionized centers on the capture process become important, and it is necessary to take into account the large-scale fluctuation of the potential E 0 of such centers [37] .
+ , where e is the electron charge, ε is the dielectric constant, and N + is the number of ionized donors. If kT > E 0 , the electrons become thermalized (T = T e ), the single center approach is valid, and the capture rate ν + = N + σ v, where σ is the recombination cross section of a single center and v is the electron velocity. This case implies small densities of ionized centers and the capture time constant τ + = ν −1 + is inversely proportional to their number. According to APY the presence of many centers cannot be ignored when N + > N crit = (kT εe −2 ) 3 or kT < E 0 , and the relaxation time as shown [37] is given by
where E D is the constant of the deformation potential, m is the carrier effective mass, and ρ is the density of the crystal. For further calculations, E D is approximated by the shear deformation potential constant of the CB of Ge ( u = 16.4 eV) [39] . Equation (1) . This estimate apparently gives a shorter time of capture into the ground state, measured in a pump-probe experiment, because the intracenter relaxation from binding energies lower kT is not included in the theory.
Recombination times can be directly measured in the time domain using a pump-probe technique. This requires the irradiation of the sample with a short optical pulse, i.e., the pulse duration is much shorter than the characteristic times of the involved decay processes. In the case of Ge:Sb, the typical FEL pulses are in the order of a few picoseconds, which is shorter than the expected electronic decay times. Under the intense illumination (high excitation) by an FEL, the conditions for applying a single center model are typically not met. At T = 5 K, the critical value is N crit ≈ 10 14 cm −3 . As we will see later, this accounts for about 10% of the impurity concentration in our Ge:Sb samples. It is important to note that additional capture centers always exist in unexcited semiconductors due to residual impurity compensation. Therefore the high excitation regime occurs at an even smaller number of ionized centers. As already noted, the dependence of the recombination time on the number of optically ionized centers in the low excitation regime (N + < N crit ) is τ + ∼ N −1 + . In the high excitation regime (N + > N crit ), this dependence is τ + ∼ N −1/6 + . In the case of a pump-probe measurement, one has to consider the high excitation case and in the simplest case a rate equation approach with a two-level system according to
035205-2 Equation (2) can be solved analytically to N + (t) = 1/(N + (0) −1/6 + pt) 6 , where p = 1/τ + N + (0). However, because of the weak dependence of the relaxation time on the density of recombination centers, this function can be approximated with a single exponential decay. The time constant of this exponential is a function of the initial concentration of the ionized centers N + (0) and the number of ionized centers as a function of time is given by
It should be noted that in the low-excitation regime the twolevel rate-equation model yields a rational function of the type
, where p is a fitting parameter. The situation becomes more complicated when the majority of carriers are in the CB. That can be achieved at high pump power and external field excitation of a bound electron. In this case intraband absorption will play a significant role. Also when the temperature of the Ge crystal is increased, thermal excitation of the electrons leads to an increase of the popoulation of the excited states and in the CB. At 5 K the population of the excited states and the CB is negligible. However, above ß10 K it cannot be neglected anymore, and when the temperature reaches 30 K almost all electrons are in the CB. When an electric field is applied to the crystal, two effects have to be considered. The first is the direct influence of the electric field on the recombination time, and the second is the heating of the Ge lattice due to ohmic losses in the crystal. The latter effect occurs when the current becomes large. Above a certain field, typically ß2 V/cm, all electrons are in the CB. In all of these cases, the pump-probe technique does not only measure the recombination time from the CB to the ground state, but it also measures the intraband relaxation because electrons in the CB are excited by the pump pulse and the probe pulse detects the change of transmission induced by the pump pulse. This intraband absorption and its characteristic time is described by another exponential decay similar to Eq. (3).
III. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
The capture rate of free charge carriers can be experimentally determined by measuring the decay of a nonequilibrium population of free cariers. One of the direct procedures is the so-called optical pump-probe technique. It measures the photoinduced changes of the transmittance of a sample caused by the formation of a nonequilibrium carrier population. Advantages of the pump-probe technique are the absence of any significant perturbation of the investigated system, such as, for example, an external electric field, the high temporal resolution achieved by the application of short-pulsed lasers, and the possibility for resonant excitation provided by frequency-tunable FELs. Assuming an instantaneous excitation by the pump pulse, which is approximately constant through the probed sample with a thickness d, an absorption coefficient α(t), and a single-path in the probed sample, the probe transmission can be written as [40] :
where R is the reflection coefficient at the surface of the sample. Provided the probe transmission without pump pulse T 0 (t) is known, one gets a pump-probe signal T /T , which is independent on reflection and absorption:
Here α(t) = σ N(t) is the pump-induced change of the absorption coefficient, σ is the absorption cross section, and N (t) = N (t) − N 0 (t) is the pump-induced change of the concentration of excited carriers. The latter is equal to the difference between the populations of the probed states, i.e., ground Sb states relative to the CB (bottom of Fig. 1 ). Usually special attention is paid in the pump-probe experiment to ensure that the absorption of the sample is small, i.e., σ N(t)d â 1. In this case the measured pump-probe signal is directly proportional to the population difference, T /T σ N(t)d.
The sample was a Czochralski-grown Ge:Sb crystal with dimensions of 10 × 10 × 0.5 mm 3 . The 10 × 10 mm 2 surfaces that face the pump and probe beams were wedged. The Sb impurity concentration N D was chosen to be ß1 × 10 15 cm −3 , and the residual compensation was estimated to be <0.1%. This guaranteed high enough absorption when an impurityband formation has not yet formed. Furthermore, the APY predicts short recombination times in the nanosecond range for N D > 10 13 cm −3 at high photon fluxes. The low-temperature absorption spectrum of the sample (Fig. 2) was measured with a Fourier-transform infrared spectrometer and confirmed that Sb centers are the dominant species. Furthermore, it was confirmed that the low absorption approximation (σ N(t)d â 1) holds for the pump energy of 11.8 meV (wavelength 105 μm). 
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The sample was mounted in a liquid-He (l-He) flow cryostat equipped with diamond windows and cooled to approximately 5 K. By changing the flow of l-He through the cryostat, the temperature of the sample was varied between 5 K and 40 K. The temperature was measured with a sensor mounted on the sample holder in vicinity to the sample.
FELBE provides pulses at a repetition rate of 13 MHz. At the wavelength of our experiments (105 μm), the pulses are Gaussian shaped with a full width at half-maximum (FWHM) of 10 ps. For the pump-probe experiments, we used the same optical layout as in Ref. [41] ; each FEL pulse was split by a Mylar beam splitter into a pump and a probe pulse. The pump pulse contained about 95% of the total energy, and the rest was in the probe pulse. Both pulses were focused to a spot of ß400-μm diameter on the Ge:Sb sample. The probe pulse impinges on the sample at a slight angle with respect to each other and almost normal incidence with respect to the surface of the sample. The pump radiation that passed the sample was blocked by an absorber. The polarization of the probe pulse was rotated by 90°with respect to the pump pulse, and an additional polarizer was set in front of the detector in order to minimize contributions from scattered pump radiation. The time delay of the probe pulse with respect to the pump pulse was provided by an optical delay stage. The temporal range for this delay is limited on one side by the duration of the pump and probe pulses and on the other side by the longest optical path difference (ß50 cm) between pump and probe pulses. In our experiments, this range was between ß10 ps and 1.6 ns. The pump beam was mechanically chopped at 350 Hz, and the probe signal was detected with a silicon bolometer and a lock-in amplifier that uses the chopper frequency as reference. In Eq. (4), the signal T is the transmission of a probe when pump modulation is on (chopper blade opened) relative to the transmission when the pump beam is off (chopper blade closed). To obtain the relative change, T /T , the reference signal, T , of the setup was measured by mechanically chopping the probe beam.
The average FEL power was measured with a pyroelectric power meter. The maximum average power was 72 mW, corresponding to about 5.5 nJ pulse energy or a photon flux density of 1 × 10 26 cm −2 s −1 , taking into account the reflections from the window and the sample's surface, respectively. It could be reduced with two diffractive attenuators in steps of 3 dB, 5 dB, and 10 dB. One was used to attenuate the total pulse, and the other was used to attenuate the pump pulse only. The wavelength of the FEL was chosen in such a way that it corresponds on one hand to the excitation energy for a transition from the 1s(A 1 ) and 1s(T 2 ) states into the bottom of the CB (blue arrows in Fig. 1) ; however, on the other hand, the atmospheric absorption has to be small. At this wavelength, the FEL pulse duration is bandwidth limited with a FWHM of 10 ps.
IV. RESULTS AND DISCUSSION
In Fig. 3 the pump-probe signal is shown for a number of different pump-pulse energies. In general the smaller the pump energy the smaller is the pump-probe signal. This is shown in the inset of Fig. 3 where the pump-probe signal at zero delay is plotted against the pump-pulse energy. In our experiments, the pump-probe signal has always the same sign, which corresponds to a pump-induced change of transmittance between 1% and 12%. Up to pump-pulse energies of ß2 nJ, the change of transmittance T /T increases linearly. Above that value it tends to saturate. This indicates a change in total absorption due to increased free-carrier absorption.
In order to estimate conditions for high-excitation regime, we calculate the number of ionized centers for the lowest pump-pulse energy used in the experiment, 0.3 nJ. This pulse energy, reduced by reflections from the diamond window and the sample itself, corresponds to the photon flux on the sample surface of about ≈ 4.8 × 10 24 cm −2 s −1 . The ionization cross section is σ 1.6 × 10 −14 cm 2 [4] . Then a lower limit of photoionized coulomb centers N + /N D = τ + × × σ (and, correspondingly, photoionized electrons, N ) of 10%, which, according to the APY theory, would result in the decay time law proportional to N −1/6 + , would be reached for free-electron capture time τ + > 1.3 ps, which is much shorter than excitation-pulse duration. This justifies the assumption of fitting with an exponential function [Eq. (2)]. Since pump and probe pulses have non-negligible duration, which is larger than the temporal resolution of the delay line, we assigned a Gaussian profile to the pulses and took this into account in the fitting procedure. This leads to the following fit function, S(t), which is a convolution of the Gaussian pulse with the dynamic population N + (t) [Eq. (2)]:
Here t is the width of the probe pulse, and t 0 is the time of maximum overlap between pump and probe pulses, a is a fit parameter, and τ is the time constant for the high excitation case. The use of the estimated pulse duration t of 10 ps as a fixed parameter led to excellent fitting results (Figs. 4 and 5) . As a confirmation, we included the pulse duration in the fitting procedure and consistently obtained values ω of 9.5 ± 1 ps. At pump energies up to ß5.5 nJ, the maximum of the pump-probe 035205-4
FIG. 4. (Color online)
Pump-probe signal of the Ge:Sb sample at a pump-pulse energy of 0.3 nJ and a temperature of ß5 K. The straight red line is a fit using Eq. (6) . The decay time is 1.7 ns. The residual is the difference between fit and measurement.
signal increases linearly (inset of Fig. 3 ). In this case the single exponential function fits the measured results very well. An example for a fit with low pump energy is shown in Fig. 4 . The residual is the difference between fit and measurement. As can be seen, the fit resembles the pump-probe signal very well. The decay time in this case is 1.7 ± 0.1 ns. Given the simplifications of the APY, this result agrees very well with the FIG. 5. (Color online) Pump-probe signal of the Ge:Sb sample at a pump-pulse energy of 5.5 nJ. In this case the fit parameter b is about 20% of a, which indicates that intraband processes are significant. The straight blue line is the calculated contribution to the total signal caused by phonon-mediated capture using the fit parameters a and τ + . The straight green line is the same but for intraband processes using the fit parameters b and τ i . The residual is the difference between fit and measurement. theoretical value of τ + ≈ 0.6 ns, calculated using Eq. (1) for N + = N crit and T = 5 K. As explained above, the theoretical recombination time is smaller than the value determined by our experiment. This is due to the fact that, in contrast to the experimental recombination time, the APY does not include the excited donor relaxation time down to the ground state. In order to confirm that the experiments were performed in the high-excitation regime, we have fitted a convolution of a Gaussian pulse with rational function to the pump-probe signals. As described in Sec. II, this approach is applicable in the low-excitation regime. However, the fitting procedure did not yield a result of similar quality as the fit in Eq. (3).
With increasing pump power (at 3 nJ and 5.5 nJ) the pumpprobe signal cannot be fitted with a single exponential function anymore. Another exponential decay with a characteristic time τ i has to be added to Eq. (5):
(6) Figure 5 shows the fit result and both exponential contributions separately. The magnitude of the second exponential function, i.e., the fit parameter b in Eq. (6), reaches about 20% of parameter a at the highest pump-pulse energy of 5.5 nJ. The decay time τ i is 100 ± 50 ps. When fitting Eq. (6) to the pump-probe signals at lower pump energies, the parameter b converges to 0. This indicates that the second exponential term describes another process with a characteristic time of ß100 ps. At large fluxes, the occupation of the CB is of the same order of magnitude or even larger than that of the ground state. An estimation [42] of the intraband absorption by free electrons gives a much smaller absorption cross section of 1.5 × 10 −16 cm 2 compared to 1.6 × 10 −14 cm 2 for impurity ionization and can only be observed for large photon fluxes. As estimated above, the time for the impurity ionization process is in the order of magnitude of the FEL pulse width. Thus, contribution of intraband excitation of free carriers can occur within the duration of the FEL pulse. And carriers with an excess energy of ß10 meV are generated in the CB. The intraband relaxation rate due to interaction of these electrons with long-wave acoustical phonons can be estimated by APY [Eq. (1)]. Substituting E 0 with the additional energy of about 10 meV yields a relaxation time of about 120 ps and fits well to the decay of the second relaxation component in the pump-probe signal [Eq. (6)].
In Fig. 6 , the capture time τ + is plotted as a function of the pump-pulse energy. The dashed line is the theoretically predicted dependence of the capture time on the pump-pulse energy. Since the number of ionized donors is proportional to the pump-pulse energy E Pump , the APY theory predicts τ + ∼ E −1/6
Pump . Within the measurement uncertainty, the APY theory describes the experiment very well, and the measurements confirm the acoustic-phonon mediated capture by ionized donors. Similar time constants for n-Ge have been shown in previous work. Saturation experiments at 10.6 μm [25] and 90 μm [27] with n-Ge resulted in modeled time constants from 680 ps up to 1 ns, respectively. These were interpreted with the 2s → 1s transition in accordance with the recombination model by Ascarelli and Rodriguez [38] . The main drawback of these experiments is the necessity of a wide range of photon flux densities necessary to obtain a single time constant, which 035205-5 FIG. 6. Time constant τ + as a function of the pump-pulse energy. The dashed curve is a fit according to the APY theory [37] .
is, as shown here, a function of the photon flux density itself. Another indirect approach by measuring the bandwidth as well as the amplitude of the generation-recombination noise of a heterodyne system at 118 μm employing a set of n-Ge samples with N D ∼ (1−2) × 10 15 cm −3 and a compensation of 10-50% revealed recombination times as low as 1.1 ns [29, 30] . In this case the influence of the sample geometry and of the electronic circuitry may have distorted the results, and focus was laid mostly on practical aspects of the heterodyne systems. One of the key issues, i.e., the influence of the recombination centers by varying the photon flux density, was not addressed as well.
V. INFLUENCE OF TEMPERATURE AND ELECTRIC FIELD
In Fig. 7 , the time constants of the pump-probe signal are shown as a function of the temperature of the Ge:Sb sample for a pump-pulse energy of 2 nJ. The fitting procedure was the same as described in the previous section for the high pump-power results, i.e., two exponentials convoluted with a Gaussian pulse of 10 ps FWHM were fitted to the pump-probe signal. Each of the time constants, τ + and τ i , belongs to one of the exponential functions. At 15 K and below, as well as at 40 K, one exponential function was sufficient to fit the pump-probe signal. Only at 20 K and 30 K both exponential functions were necessary to obtain a good fit. Since below 15 K only few carriers are in the CB either through thermal excitation or by excitation with the pump pulse, the recombination process is dominated by a cascade acoustic-phonon mediated capture, and the corresponding characteristic time is approximately 1.2 ns, as described in the previous section. At 20 K and at 30 K, two processes prevail: capture with a characteristic time of 1.3 ± 0.5 ns and intraband relaxation with a characteristic time of 100 ± 50 ps. At 40 K, essentially all electrons are thermally excited into the CB, and the only process that can be measured with the pump-probe technique is the intraband relaxation. It is worth noting that within the accuracy of the measurements, the time constants for both processes, acoustic-phonon mediated capture and intraband relaxation, are independent of the temperature.
Finally, we have measured the influence of an electric field on the relaxation process (Fig. 8) . In order to do so, ohmic contacts were manufactured to opposing edges of the Ge:Sb crystal. The distance between the contacts is 10 mm. The voltage was supplied by a Keithley 2430 source meter. The fitting procedure is the same as for the temperature measurements, i.e., Eq. (6) was fitted to the pump-probe signal. Again two time constants are extracted: 1.6 ± 0.5 ns and 200 ± 50 ps. Below 2 V/cm, only the process with a long time constant exists, and at 6 V/cm and above only the process with the short time constant exists. For intermediate fields both processes prevail, but the magnitude of the short process increases with increasing electric field, as deduced from the relative strength of the fitting parameters a and b. Within the uncertainty of the measurement and fitting procedure, both time constants are independent of the electric field. The process with the long time constant is the acoustic-phonon mediated capture of electrons by the Sb donor centers. The process with the short time constant is due to intraband scattering. At an electric field of ß2 V/cm, electrical breakdown occurs in the sample, and the resistance drops from a few k to 300 . The electrically dissipated power is less than 200 mW. Therefore, heating of the sample by the current can be neglected. In fact, the temperature measured by the sensor did not increase. At fields above 2 V/cm, donor electrons are electrically excited into the CB. The electrons are further excited by the pump pulse, and the probe pulse measures their relaxation. At the highest field, basically all electrons are in the CB, and recombination with the ionized Sb donors is negligible. It is worth noting that the intraband process has about the same time constant independent whether it is caused by high pump energy, high temperature, or a large static electric field.
VI. SUMMARY AND CONCLUSION
We have conducted a study of the electron relaxation processes in photoexcited n-type Ge:Sb at temperatures from 5 to 40 K. A dedicated single-color pump-probe experiment based on an FEL enabled the determination of the intraband relaxation time (ß100 ps) and the capture time of photoexcited electrons. The time constant of this capture process decreases from 1.7 ns to 1 ns with increasing pump power because the number of ionized Sb donors increases. This decrease is proportional to E −1/6 Pump , as predicted by the APY theory [37] . At a temperature of 5 K, the phonon-mediated capture process dominates. However, when the temperature is increased or when an electric field is applied, the relative strength of both processes changes and eventually vanishes above 30 K or 5 V/cm. Finally it should be noted that due to the short time constants, Ge:Sb is well suited as material for fast THz detectors.
